The cell-cycle status of hematopoietic stem cells (HSCs) is tightly regulated, most likely to balance maintenance of stem-cell status through quiescence and expansion/differentiation of the hematopoietic system. Tumor-suppressor genes (TSGs), with their cell cycle-regulatory functions, play important roles in HSC regulation. The cyclin-D binding myb-like transcription factor 1 (Dmtf1) was recently recognized as a TSG involved in human cancers by repressing oncogenic Ras/Raf signaling. However, the role of Dmtf1 in the hematopoietic system is entirely unknown. In the present study, we demonstrate that Dmtf1 regulates HSC function under both steady-state and stress conditions. Dmtf1 ؊/؊ mice showed increased blood cell counts in multiple parameters, and their progenitor cells had increased proliferation and accelerated cell-cycle progression. In addition, longterm HSCs from Dmtf1 ؊/؊ mice had a higher self-renewal capacity that was clearly demonstrated in secondary recipients in serial transplantation studies. 
Introduction
Hematopoietic stem cells (HSCs) sustain hematopoiesis through a delicate balance between self-renewal and differentiation to ensure continued and life-long production of mature cells and maintenance of the stem-cell pool. These 2 functions are critically affected by the mitotic quiescence of HSCs, which is likely controlled by HSC-intrinsic mechanisms and BM microenvironmental factors. 1 Tumor-suppressor genes (TSGs) that negatively influence cell-cycle regulation have been widely investigated for their role in HSC function. Early studies suggested a role for Cdkn1a (p21) in regulating HSC pool size and HSC exhaustion under stress. 2 More recent studies, however, concluded that the role of Cdkn1a (p21) in regulating HSC self-renewal was minimal. 3, 4 Similarly, other cyclin-dependent kinase inhibitors, including Cdkn1b (p27) 5 and Cdkn2b (p15), 6 do not have critical roles in HSC self-renewal, although Cdkn2c (p18) maintains this property. 7 Because the p19 Arf (Arf) and p16 Ink4a (Ink4a) are independent gene products derived from a shared Arf/Ink4a genetic locus and are involved in the p53 and Rb pathways, respectively, they are frequently disrupted in human cancers. 8 Arf-deficient mice and mice with mutations in the common Arf/Ink4a locus do not have a critical HSC phenotype during proliferative stress. 9 However, functional deficiency of Bmi1-null HSCs is dramatically compensated for by disruption of Arf/Ink4a, 10 indicating that these molecules are important for HSC self-renewal in specific situations. Deletion of Pten leads to depletion of the HSC pool over time, showing its prominence in maintaining stem cells. 11 The adenomatous polyposis coli TSG is critical for HSC maintenance because its conditional deletion results in rapid HSC exhaustion. 12 The p53 TSG may regulate various aspects of HSC behavior. [13] [14] [15] [16] Although hematopoiesis in p53-knockout (p53-KO) mice appears to proceed normally, numerous studies have identified roles for p53 in the proliferation, differentiation, apoptosis, and aging of hematopoietic cells [17] [18] [19] and the regulation of HSC quiescence. 20 Recently, cyclin D binding myb-like transcription factor-1 (Dmtf1), also known as cyclin D binding myb-like protein-1 (Dmp1), has been recognized as a TSG involved in negatively regulating cell-cycle progression mainly through an Arf-Mdm2-p53-dependent mechanism. [21] [22] [23] Dmtf1 binds directly to the Arf promoter to activate its expression, thereby inducing a p53-dependent cell-cycle arrest. 24 Both Dmtf1-null and heterozygote (Het) mice are prone to spontaneous tumor development. 22, 25 Because the wild-type (WT) Dmtf1 allele is retained and expressed in tumors arising in Het mice, Dmtf1 is haploinsufficient for tumor suppression. 25 Given that the deletion or mutation of Arf or p53 is rare in tumors from Dmtf1 Ϫ/Ϫ mice, Dmtf1 may be a physiologic regulator of the Arf-p53 pathway. 26 Moreover, deletion of Dmtf1 is found in human lung cancer cells 27 and some leukemia cells. 27, 28 The Dmtf1 promoter is activated by growth-promoting signals via the Ras/Raf/MEK/ ERK pathway, and the induction of Arf by Ras is Dmtf1 dependent. 23 Although it is generally believed that induction of Arf is Dmtf1 dependent, 29 other targets for Dmtf1 remain unknown in hematopoietic cells, especially lymphocytes. 29 At present, little is known about the role of Dmtf1 in HSC maintenance. Therefore, in the present study, we performed a detailed analysis of the functions of Dmtf1 in the hematopoietic system, focusing on HSC regulation, and identified novel mechanisms through which Dmtf1 participates in the maintenance of HSC quiescence. The online version of this article contains a data supplement.
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Methods

Mice and blood counts
Dmtf1-null mice backcrossed onto C57BL/6 (B6) mice were kindly provided by Dr K. Inoue (Wake Forest University, Winston-Salem, NC). B6.SJL-PtrcAPep3B/BoyJ (BJ; CD45.1) and B6/BJ-F1 (CD45.1/CD45.2) mice were bred in-house. Null mice were used at 11-18 weeks of age. Littermates were used as controls. Mice were maintained at the Indiana University School of Medicine animal facility and all studies were approved by the institutional animal care and use committee. Peripheral blood (PB) samples were collected by tail bleeding into tubes containing EDTA. Complete blood counts and differentials were obtained using a Hemavet 950FS (Drew Scientific).
Progenitor cell assay
For CFU assays, BM mononuclear cells (BM-MNCs) and sorted cKit ϩ / Sca1 ϩ /Lineage Ϫ (KSL) cells were plated in duplicate in methylcellulose medium (Methocult M3242; StemCell Technologies) supplemented with SCF (10 ng/mL), IL3 (5 ng/mL), thrombopoietin (5 ng/mL), GM-SCF (5 ng/mL), and erythropoietin (3 U/mL), and scored on day 10.
Flow cytometry
The following mAbs were used: c-Kit (2B8), Sca1 (E13-161.7), CD4 (L3T4), CD8 (53-6.7), B220 (RA3-6B2), Ter119 (Ly-76), Gr-1 (RB6-8C5), FITC-CD34 (RAM34), PE-CD16/32w (93), PE-CD135 (A2F10), PerCPCy5.5-CD150 (TC15-12F12.2), PE (or FITC)-CD48 (HM48-1), CD45.1 (A20), CD45.2 (104), and CD11b (M1/70). All mAbs were from BD Biosciences or eBioscience except CD150, which was from BioLegend. Lineage-positive (Lin ϩ ) cells were identified by a mixture of CD3, CD4, B220, TER-119, CD11b, or Gr-1 mAbs. Flow cytometric analysis was carried out on an LSRII or FACSCalibur flow cytometer (BD Biosciences). Cell sorting was performed on a FACSVantage SE or a FACSAria cell sorter (BD Biosciences).
Cell-cycle analysis and apoptosis
Using mAbs against c-Kit, Lin, and Sca1, KSL cells were identified and then fixed/permeabilized with Cytofix/Cytoperm (BD Biosciences), and stained with Hoechst-33342 (2 g/mL; Molecular Probes) and Pyronin-Y (4 g/mL; Sigma-Aldrich; Hst/Py) for 20 minutes. Cell-cycle status of KSL cells was determined on an LSR II. For DAPI staining, cells were stained with KSL, CD16/32w, and CD34, fixed, and treated with DAPI solution (5 g/mL; Molecular Probes). BM Lin Ϫ cells isolated on a MACS cell-separator system (Miltenyi Biotec) were stained with propidium iodide and annexin V-allophycocyanin (BD Biosciences) to detect apoptotic cells.
5-FU treatment and BrdU incorporation
5-Fluorouracil (5-FU; Sigma-Aldrich) was administered intraperitoneally into mice previously transplanted with 5 ϫ 10 5 MNCs from WT or KO mice 3 months previously. 5-FU was administered at 135 mg/kg/wk for 3 consecutive weeks, and survival was monitored daily. For the kinetic studies of BM ablation, a single dose (150 mg/kg) of 5-FU was injected intraperitoneally and PB counts were measured every 3-4 days. For BrdU incorporation, mice received an IP injection of 120 mg/kg of BrdU (Sigma-Aldrich) at day 5 after 5-FU treatment. BM cells were collected 2 hours after BrdU injection. MNCs were stained for KSL, CD150, and CD48, followed by staining with anti-BrdU-Alexa Fluor 647 (Invitrogen) according to the manufacturer's directions.
BM transplantation
Lethally irradiated (11 Gy split-dose Ͼ 3 hours apart) 8-week-old B6/BJ/F1 mice were reconstituted with BM-MNCs, KSL cells, or CD34 Ϫ 135 Ϫ KSL cells from Dmtf1 ϩ/ϩ or Dmtf1 Ϫ/Ϫ mice (CD45.2) as described in "Results." In some studies, mice also received competitive BM-MNCs from agematched BJ mice. Where indicated, KSL cells were cultured with cytokines (SCF, thrombopoietin, IL-3, and Flt-3 ligand) for 72 hours before transplantation. Reconstitution was monitored by flow cytometric analysis with CD45.2, CD45.1, CD3, B220, and Gr-1. For serial transplantation, BM cells (2-3 ϫ 10 6 ) from primary recipients at 16 weeks after transplantation were transplanted into lethally irradiated secondary mice.
Expression vectors and retroviral production
The MSCV-IRES-GFP (MIG) plasmid containing full-length mouse Arf was kindly provided by Dr K. Inoue (Wake Forest University, WinstonSalem, NC). Empty vector (MIG-Mock) or MIG-Arf were transfected into Phoenix Eco cells using Turbofect (Fermentas) according to the manufacturer's instructions. Retrovirus transduction into mouse BM cells was performed as described previously. 30 Green fluorescent protein-positive (GFP ϩ ) cells were sorted 48-72 hours after infection and used in the CFU assays. Human full-length (FL) Dmtf1 cDNA was amplified by RT-PCR from total RNA from human BM cells with the primers 5-TGTAGCTGATCCATCCGT-TGT-3 and 5-GGGGTTGCTCCTATTTCTTTG-3, and cloned into pDrive cloning vector (QIAGEN). To make the dominant negative (DN) form of hDmtf1 lacking the myb-homology repeat (MHR) domain, the downstream fragment from the MHR domain was amplified and cloned into pDrive with the primers 5-_ACCGGT_GGACCATCAAAAGGCAAA-3 (AgeI site underlined) and the same 3Ј primer used for FL followed by ligation between the pDrive-FL treated with BspEI (unique site just upstream of MHR), XhoI (unique site in 3Ј), and the AgeI/XhoI-digested fragment. MIEG3 vector containing internal ribosome entry site-enhanced green fluorescent protein (IRES-EGFP) was obtained from Dr S. Fukuda (Indiana University, Bloomington, IN). FL or DN cDNAs were cloned into MIEG3. Amphotropic retrovirus containing FL and DN were produced using Phoenix Ampho cells (ATCC) and infected into Jurkat T cells. Transduced cells were purified by GFP sorting.
Quantitative real-time PCR
Different groups of cells from 3-to 4-month-old Dmtf1 ϩ/ϩ and Dmtf1 Ϫ/Ϫ mice were analyzed for the expression of Dmtf1 and other candidate genes. mRNA collection and cDNA synthesis were performed using a one-step cDNA kit (Miltenyi Biotec) following the manufacturer's instructions. RNA content was determined by SYBR Green-based real-time RT-PCR using an ABI 7500 (Applied Biosystems). Gene-expression levels were normalized to GAPDH in reference samples. Primer sequences are listed in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Statistics
HSC function after 5-FU treatment was determined by Kaplan-Meier survival analysis and a log-rank test. The Student t test was used for all other analyses. 
Results
Dmtf1 is expressed in HSCs and hematopoietic progenitor cells
Loss of Dmtf1 alters steady-state hematopoiesis
Because growth of Dmtf1 Ϫ/Ϫ mice is retarded, 22 we examined their growth pattern in detail. The body weights of 13-week-old KO male mice were significantly lower than those of their WT
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BLOOD, 15 DECEMBER 2011 ⅐ VOLUME 118, NUMBER 25 For personal use only. on June 12, 2017. by guest www.bloodjournal.org From counterparts (Table 1) . Consistent with the reduced number of thymocytes in KO mice (10.8 Ϯ 2.65 ϫ 10 7 vs 6.75 Ϯ 1.86 ϫ 10 7 P Ͻ .05, n ϭ 4), the weight of the thymus in these mice was lower than that of WT mice. To investigate the effect of Dmtf1 loss on steady-state hematopoiesis, we examined multiple parameters in the PB and BM of 3-month-old Dmtf1 ϩ/ϩ , Dmtf1 ϩ/Ϫ , and Dmtf1 Ϫ/Ϫ mice. The number of RBCs and the hemoglobin and hematocrit were increased in KO mice (Table 1) , as well as the numbers of monocytes and lymphocytes. Frequencies of circulating CD4 and CD8 T cells were modestly decreased in KO mice, which is consistent with a smaller thymus ( Table 1 ). The number of total nucleated cells in 2 femurs and the frequency of B cells in the BM of KO mice were significantly higher than in that of WT mice (Table 1) .
We also investigated the progenitor-cell content of BM. The total number of CFUs was significantly higher in KO BM-MNCs and purified KSL cells compared with WT ( Figure 1A-B) . Interestingly, Het BM cells showed a comparable increase in the number of progenitors similar to that observed with KO BM cells ( Figure  1A -B), which is consistent with functional haploinsufficiency. 25 Frequencies of phenotypically defined LT-HSCs, as determined by 2 distinct methods, CD34 Ϫ CD135 Ϫ KSL and CD48 Ϫ CD150 ϩ KSL (slamKSL), were similar in all 3 genotypes, so the absolute numbers of these cells were comparable ( Figure 1C -D and F). The absolute numbers of the most purified group of LT-HSCs as defined by Wilson et al were similar in all genotypes ( Figure 1F ). 31 Interestingly, the frequency of KSL cells was modestly higher in KO versus WT BM (0.19% Ϯ 0.05% vs 0.14% Ϯ 0.04%; Figure  1C ). This increased frequency translated to a significant difference in total KSL and MPP cells ( Figure 1D ). Similarly, c-Kit ϩ and Sca1 ϩ cells were significantly higher in KO mice compared with WT ( Figure 1G ). These data demonstrate that loss of Dmtf1 leads to a significant increase in progenitors in steady-state BM, most likely because of an increase in the number of more mature classes of progenitors in the hematopoietic hierarchy.
Differential effect of Dmtf1 on cell-cycle status of hematopoietic progenitors
Because Dmtf1 is a negative cell-cycle regulator, we evaluated its impact on the cell-cycle status of hematopoietic progenitors under steady-state hematopoiesis. The fraction of cycling cells (those in S/G 2 ϩ M) among c-Kit ϩ Sca1 Ϫ cells, among common myeloid progenitors (c-Kit ϩ CD34 ϩ CD16/32w Ϫ ), and among granulocyte-macrophage progenitors (c-Kit ϩ CD34 ϩ CD16/32w ϩ ) was significantly higher in the BM of KO mice compared with WT mice (Figure 2A ). Using Hst/Py staining to discriminate between cells in G 0 and G 1 , we determined that the frequencies of cells in G 1 were significantly higher in KO KSL cells and reciprocally lower in G 0 compared with WT cells ( Figure 2B ). These data suggest that in steady-state, Dmtf1 increases cellcycle progression in mature progenitors (total c-Kit ϩ cells, common myeloid progenitors, and granulocyte-macrophage progenitors), as well as the KSL group that contains BMrepopulating cells. Because Dmtf1 is implicated in cell death, 32 we evaluated apoptosis in Lin Ϫ cells cultured with cytokines. Dmtf1-KO and WT Lin Ϫ cells did not differ in their kinetics of apoptosis over a period of 48 hours ( Figure 2C ).
Enhanced repopulating capacity of Dmtf1-KO LT-HSCs
We examined the BM-repopulating capacity of Dmtf1-KO HSCs in a competitive repopulation assay. When 2 ϫ 10 5 BM-MNCs from WT or KO mice (CD45.2 ϩ ) were compared with an equal number of BMMNCs from BJ mice (CD45.1 ϩ ) to reconstitute lethally irradiated B6/BJ-F1 recipients (CD45.2 ϩ 45.1ϩ), mice receiving KO MNCs achieved higher levels of chimerism than mice receiving WT MNCs at all time points analyzed ( Figure 3A) . At 4 months after primary transplantation, BM cells were transferred into lethally irradiated secondary B6/BJ-F1 recipients. At 3 months after transplantation, the level of engraftment of KO cells was maintained between primary and secondary recipients, whereas, as expected, that derived from WT cells declined ( Figure 3A ). These data suggest that the loss of Dmtf1 may result in enhanced cell-cycle progression among primitive HSCs without premature exhaustion of their function or number. We next assayed LT-HSCs by co-transplanting 100 CD34 Ϫ CD135 Ϫ KSL cells from WT or KO mice with 5 ϫ 10 5 BJ competitor MNCs into lethally irradiated B6/BJ-F1 mice ( Figure 3B ). Chimerism from transplanted KO LT-HSCs gradually increased to 45.6% Ϯ 19.5% at 4 months after transplantation relative to a significantly lower level of chimerism supported by WT-HSCs (4.85% Ϯ 3.2%, P Ͻ .01, Figure 3B ). Interestingly, data from secondary transplantation documented that at 12 weeks, chimerism in recipients of KO BM cells was not only significantly higher than that observed in recipients of primary WT BM, but that the level of engraftment in secondary recipients was higher than that documented in primary recipients. This can be easily explained by phenotypic analysis of BM from primary recipients 4 months after transplantation ( Figure 3C ). BM of mice receiving grafts from KO mice had a more than 4-fold higher frequency of KSL cells and in excess of 30-fold higher frequency of slamKSL cells ( Figure 3C ). These data demonstrate that LT-HSCs from Dmtf1-KO mice have higher selfrenewal capabilities than their WT counterparts. Lineage reconstitution in the PB of primary recipients (supplemental Figure 2 ) mirrored the distribution in steady-state KO and WT mice, and the former had smaller T-cell pools (thymocytes and mature T cells) and larger B-cell pools compared with the latter. Distribution of T/B/myeloid cells in mice transplanted with LT-HSCs showed similar results (data not shown).
Accelerated cell cycling of Dmtf1-KO BM under stress
Dmtf1 is a key molecule linking Raf/Erk oncogenic signaling and the Arf/Mdm2/p53 tumor-suppressor pathway, 23 and is implicated in the suppression of proliferation induced by proliferative and oncogenic signals. We therefore examined the impact of the loss of Dmtf1 on hematopoiesis in stress conditions induced by a genotoxic insult on BM cells. WT and Dmtf1-KO mice were treated with 5-FU and hematopoietic recovery was tracked over the next 25 days. Loss of Dmtf1 altered both the decline of circulating WBC counts early after 5-FU treatment (day 4) and recovery of these cells on day 11 and beyond ( Figure 4A ). On day 14 after treatment, rebound of WBC counts in KO mice was significantly higher than that in WT mice (270.1% Ϯ 76.8% vs 151.2% Ϯ 25.6%, respectively, Figure 4A ). The lower WBC counts observed on day 4 in KO mice (54.2% vs 79.5%, respectively, P Ͻ .01) suggest that these BM cells have a higher frequency of cycling cells mainly because of the loss of the antiproliferation activity of Dmtf1.
Using both Hst/Py staining and BrdU incorporation, we evaluated the cycling status of HSC-enriched fractions at day 5 after 5-FU. Because the expression of c-Kit is markedly diminished after 5-FU treatment, 33 Figure  4B) . A significantly lower fraction of KSL cells from KO mice were in G 0 , whereas a substantially higher percentage of these cells were in S/G 2 ϩ M ( Figure 4B ). To focus on more primitive cells, we next examined BrdU incorporation in slamKSL cells ( Figure 4C ). Whereas only 6.2% Ϯ 1.0% of slamKSL cells from WT mice were BrdU ϩ , almost a 2-fold increase in the number of BrdU ϩ slamKSL cells was detected in KO mice (11.1% Ϯ 1.9%). Interestingly, in steady-state hematopoiesis (supplemental Figure 3) , WT and KO mice contained similar frequencies of slamKSL cells that were BrdU ϩ after a short (2-hour) pulse (1.8% Ϯ 0.6% for WT mice and 1.9% Ϯ 0.8% for KO mice). To further assess the ability of Dmtf1 BM cells to support hematopoiesis under stress conditions, we examined the survival of mice serially treated with 5-FU, a treatment that leads to hyperproliferation and exhaustion of stem cells. 5 To evaluate HSC-intrinsic factors only, we examined recipients that had been transplanted with KO or WT BM cells 3 months previously. Mice reconstituted with either WT or KO cells succumbed at the same rate to hematopoietic exhaustion and had no statistically significant differences in survival ( Figure 4D ). These data suggest that Dmtf1-KO BM cells are more mitotically active than WT cells, especially under conditions of hematopoietic stress, and illustrate that Dmtf1-deficient HSCs have a higher repopulating capacity without premature exhaustion.
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Dysregulation of cdkn1a (p21) and Arf in Dmtf1-null HSCs
It has been reported previously that Arf is not expressed in steady-state KSL cells, but is induced upon in vitro cytokine stimulation. We evaluated the regulation of Arf and cdkn1a (p21) in Dmtf1-KO HSCs during cytokine stimulation in vitro. As described previously, 9 freshly isolated WT KSL cells did not express Arf ( Figure 5A ). Arf expression in these cells was not detected until after 72 hours in culture ( Figure 5A ). However, Dmtf1-KO KSL cells did not express Arf at any time point, including 72 hours after culture initiation, and showed markedly suppressed expression of cdkn1a (p21) throughout culture ( Figure 5A ). Because Arf induction may reduce HSC function, 10 we examined whether dysregulation of cdkn1a (p21) and Arf may contribute to enhanced repopulating capacity of cultured Dmtf1-KO HSCs. KSL cells from WT or KO mice cultured with cytokines for 72 hours were transplanted competitively into irradiated B6/BJ-F1 mice. Chimerism at 1 month after transplantation was modestly higher in mice that received cultured KO KSL cells compared with recipients of WT KSL cells (24.5% Ϯ 6.0% vs 16.7% Ϯ 4.0%, respectively, P ϭ .05, Figure 5B ). However, donor-derived chimerism in mice transplanted with cultured KO KSL cells increased at 4 months after transplantation, whereas that in recipients of cultured WT KSL cells declined with time (30.6% Ϯ 9.4% vs 13.7% Ϯ 6.5%, respectively, P ϭ .03, Figure 5B) . Interestingly, the BM of mice receiving cultured KO KSL cells contained a more than 10-fold higher frequency of KSL cells than the BM of WT KSL recipients (supplemental Figure 4) . These data strongly suggest that Dmtf1-KO HSCs preserve their self-renewal capacity in cytokineinduced stress conditions, most likely because these cells fail to express Arf.
Dmtf1 functions in Arf-dependent and Arf-independent pathways
Although Dmtf1 KSL cells show altered regulation of Arf and cdkn1a (p21), both molecules are believed to have a limited impact on HSC function. 3, 9 We examined the role of Dmtf1 in Arf signaling in HSCs. We generated 2 retroviral vector constructs (supplemental Figure 5A ) with a FL form (MIEG-FL) and a DN form (MIEG-DN) of human Dmtf1 (hDmtf1) and transduced Jurkat T cells with a homozygous deletion of the Arf/Ink4a locus. We confirmed that neither hDmtf1 nor hArf was expressed in Jurkat cells (supplemental Figure 5B) . GFPsorted Jurkat-FL showed a lower frequency of cycling cells compared with Jurkat-DN ( Figure 6A ), and therefore, Jurkat-DN cells had a higher proliferative potential than Jurkat-FL cells ( Figure 6B ), suggesting that Dmtf1 can be functional in Arf-null cells. We next examined the effect of Arf expression in Dmtf1-null cells. The retroviral vectors MIG-Mock and MIG-Arf (supplemental Figure 5A) were transduced into BM Lin Ϫ cells, followed by purification by GFP sorting and evaluation of hematopoietic potential by clonogenic assays. MIG-Mock-transduced Lin Ϫ cells from KO mice (Mock/KO) produced a significantly higher number of colonies compared with similarly transduced cells from WT mice ( Figure 6C ). Although introduction of Arf induced a decline in the clonogenic potentials of both WT and KO Lin Ϫ cells (Arf/WT and Arf/KO, respectively), Arf/KO cells maintained higher numbers of clonogenic cells compared with Arf/WT as a result of partial suppression ( Figure 6C ). These data suggest that Dmtf1 can induce a negative regulation of cell-cycle progression via both Arf-independent and Arf-dependent pathways. To examine this more fully, we investigated candidate molecules that may contribute to the Dmtf1-mediated regulation of the cell cycle. Using quantitative RT-PCR of sorted KSL cells from WT and KO mice, we quantified the expression of multiple cell cycle-related genes. Reductions in the expression of cdkn1c (p57) and CCND1 and an increase in the expression of CDK6 were detected in KO KSL cells ( Figure 6D ). No statistical differences in the expression of CDKN1b (p27) and CDKN2c (p18) were detected ( Figure 6D ). We also examined the Jun family transcription factors, which can be candidate targets for Dmtf1. Expression of JunB, which is heavily implicated in tumor suppression, was markedly decreased in KSL cells from KO mice, a trend that was not observed for C-Jun and Bmi1 ( Figure 6D ). Suppression of JunB expression was also observed in B cells and CD4 ϩ T cells from KO mice ( Figure 6E ). These data suggest a possible involvement of JunB in Dmtf1 signaling. Because stem-cell function in KO mice was not exhausted, it was important to examine the status of p57 and p27 in long-term repopulating cells from KO mice to confirm that these CDK2 inhibitors were not suppressed in KO mice. As expected from the functional behavior of long-term repopulating cells from KO mice, data shown in Figure 7 demonstrate that expression of neither CDKN1C (p57) nor CDKN1b (p27) was significantly reduced in KO long-term repopulating cells relative to those from WT mice, and that only p57 expression in KO short-term repopulating cells and MPP was reduced.
Discussion
It is well established that Ras/Raf/ERK signaling plays a central role in growth factor-mediated proliferation, differentiation, oncogenesis, and apoptosis of a variety of cells. In addition, p53 is a critical regulator protecting cells from multiple forms of stress 
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Dmtf1 is emerging as a novel key molecule linking Ras/Raf/ERK growth-promoting signaling and the Arf/p53/p21 tumor-suppressor pathway. 23 The goal of the present study was to determine whether Dmtf1 affects HSC self-renewal and differentiation through the modulation of cell-cycle regulation. Using different in vivo and in vitro assays, we have shown that HSC quiescence is altered in the absence of Dmtf1.
The hDmtf11 locus was lost in leukemic cells with chromosome 7q abnormalities regardless of the detailed karyotype. 28 In addition, Dmtf1 is deleted in approximately 40% of mouse models of lung cancers, and the hDmtf1 deletion can be demonstrated in approximately 35% of human lung cancer cells, particularly when the Arf and/or p53 locus is retained. 27 These observations suggest that Dmtf1 is a physiologic regulator of the Arf/p53 pathway, whereas in some cases, it imparts a growth-suppression effect in p53-deficient lung cancer cells. 27 Based on these findings, we hypothesized that Dmtf1 may play a role in HSC self-renewal similar to the previously reported involvement of p53 in HSC quiescence. 20 Indeed, when we examined Dmtf1-KO mice, we observed higher levels of circulating MNCs, and when HSC from these mice were used in transplantation studies, higher levels of chimerism were sustained in recipient mice. This demonstrates similar functional properties between HSCs from Dmtf1-KO mice and cells from p53-null mice.
Based on known functions of Dmtf1, we anticipated that it might play a more critical role in the regulation of the cell cycle under stress conditions rather than steady-state hematopoiesis. Analysis of steady-state Kit ϩ and KSL cells from KO and WT mice revealed only minor differences in cell-cycle status (Figure 2) . However, under 5-FU-induced stress, the cycling status of BM cells from KO mice was higher than that of cells from WT mice, as evidenced by lower PB counts on day 4 after 5-FU treatment ( Figure 4A) , with a higher percentage of cells in G 1 or S/G 2 /M on day 5 after 5-FU treatment ( Figure 4B ). We analyzed slamKSL cells for BrdU incorporation into HSCs because these cells have been used before as positive indicators of HSCs after cytotoxic/ G-CSF treatment. 34 Although the frequency of slamKSL cells between Dmtf1-KO and WT mice was similar (data not shown), the percentage of BrdU ϩ slamKSL cells was 2-fold higher in Dmtf1 KO BM, suggesting that Dmtf1 negatively regulates HSC cellcycle progression under stress conditions.
As a tumor suppressor, Dmtf1 is haploinsufficient, and therefore behaves as many other bona fide TSGs, including Rb, neurofibromatosis 1 (NF1), and p53. 8 Interestingly, we observed enhanced in vitro hematopoietic activity ( Figure 1A-B) . Comparable levels of chimerism were observed when mice were transplanted with BM cells from Dmtf1 ϩ/Ϫ or Dmtf1 Ϫ/Ϫ mice, and Dmtf1 ϩ/Ϫ mice showed similar hematopoietic recovery as KO mice after 5-FU treatment (data not shown). These data are in full agreement with those of Inoue et al demonstrating that haploinsufficiency of Dmtf1 suppresses cell growth. 25 CDK inhibitors can be divided into 2 groups: the Ink4 proteins (p16, p15, p18, and p19), which inhibit CDK4/6, and the Cip/Kip proteins (p21, p27, and p57), which inhibit CDK2. CDK4/6 might be important for self-renewal divisions, because the absence of INK4 inhibitors generally leads to enhanced HSC engraftment, whereas deletion of CDK2 inhibitors is associated with stem-cell exhaustion. Although the expression/induction of cdkn1a (p21) was impaired in Dmtf1 Ϫ/Ϫ KSL cells (Figure 5A ), its impact on regulation of Dmtf1 Ϫ/Ϫ HSCs is probably minimal given the limited role of cdkn1a (p21) in normal HSC function 3 and its requirement in maintaining leukemic stem cells. 3, 4 The effects of Arf on HSC regulation remain controversial. Arf was not expressed in steady-state KSL from Arf-GFP reporter mice, and was induced in only a fraction of KSL cells after in vitro culture with cytokines, 9 as we demonstrated in our studies ( Figure  5A ). In addition, Arf-deficient HSCs did not display obvious alterations in their BM-repopulating potential, 9 suggesting that Arf does not affect HSC function. Conversely, Bmi-null HSCs have a critical self-renewal impairment associated with marked upregulation of Arf/Ink4a; indeed, the impaired self-renewal capacity in these cells is dramatically compensated for by Arf/Ink4a disruption. 10 In addition, Arf is induced by not only growthpromoting stimulation, but also by other stress conditions including oxidative stress 35 and irradiation. 36 These observations suggest that Arf plays a role in the regulation of HSCs under certain stress conditions. Whereas Stepanova and Sorrentino 9 examined the repopulating potential of HSCs cultured for 12 days, we examined the in vivo functional capacity of HSCs cultured for 3 days only, because self-renewal of HSCs was conserved within 72 hours of culture. 37 Chimerism sustained by KO KSL cells at 4 months after transplantation was higher than that observed with WT cells (Figure 5B ), suggesting that suppression of Arf induction in cultured KO KSL cells may contribute to the conservation of self-renewal potential. These data corroborate our hypothesis that Arf plays an important role in HSC regulation in stress but not steady-state hematopoiesis.
We also examined whether Dmtf1 signaling was dependent on Arf. We used Jurkat T cells, which have a genetic deletion of the Arf/Ink4a locus, and observed that cells transduced with hDmtf1-FL showed a lower frequency of cycling cells and slower proliferation kinetics than cells transduced with hDmtf1-DN ( Figure 6B ), suggesting an Arfindependent Dmtf1 signaling pathway, as was previously suggested by Inoue et al in hematopoietic cells. 29 In contrast, when Arf was overexpressed in Dmtf1 KO or WT BM progenitor cells, we observed both an Arf-dependent and an Arf-independent pathway for regulation of proliferation ( Figure 6C ). To examine the Arf-independent pathway, we investigated the expression of many CDK-related molecules and Jun-family genes. Quantitative RT-PCR analysis revealed that whereas several transcripts were down-regulated, CDK6 was up-regulated in KSL cells from KO mice. Interestingly, the induction of CDK6 enhances the proliferation of normal myeloid progenitors, 38 suggesting that increased CDK6 expression may contribute to the phenotype of Dmtf1-KO mice. This was further supported by the finding that p57 and p27 were not suppressed in LT-HSCs from KO mice, lending further corroboration to the observed enhanced repopulating potential of HSCs from these mice. JunB, along with c-Jun and JunD, forms homodimers or heterodimers with members of the Fos family protein, resulting in the activation of transcription factor proteins. It has been shown that JunB has important roles as a tumor suppressor in hematopoiesis for not only For personal use only. on June 12, 2017 . by guest www.bloodjournal.org From protecting against myeloid malignancies, 39 but also for inhibiting proliferation and transformation of B-lymphoid cells. 40 However, the role of JunB in T-lymphoid cells is unclear. In fact, JunB is rarely expressed or missing in B-cell malignancies despite the up-regulated expression in T-cell malignancies. 41, 42 A recent study implicated JunB as one of the targets of Dmtf1, showing that its expression was decreased in lung cells from Dmtf1-KO mice. 43 We therefore predicted reduced JunB expression in sorted KSL cells, B cells, and CD4 T cells from KO mice relative to similar WT cells ( Figure 6 ) and increased B-cell populations with reciprocal T-cell reductions in both primary KO mice and mice transplanted with KO BM cells (Table 1 and supplemental Figure 2 ). These findings are consistent with previous observations about distinctive JunB function in T and B cells, suggesting that JunB is potentially involved in a Dmtf1-mediated, Arf-independent pathway. Additional studies aimed at examining the regulation of JunB by Dmtf1 are warranted. Interestingly, because Bmi1 is involved in the regulation of Arf, we also examined whether changes in JunB expression on KSL cells is also associated with changes in Bmi1 expression ( Figure 6D ). Our data did not reflect any changes in the expression of Bmi1 on KSL cells, suggesting that, most likely, Bmi1 does not change JunB expression.
These studies shed additional light on the mechanisms involved in the maintenance of HSC quiescence and proliferation in stress and steady-state hematopoiesis, and underscore the role of Dmtf1 as a modulator of these HSC properties. In addition, our studies begin to explain how Dmtf1, which is disrupted in many cancer cells, contributes to HSC maintenance, suggesting its possible use as a target for new therapeutic strategies in cancer. 
